The mysterious mechanism whereby the mere presence of double-stranded RNA can inactivate specific genes is yielding its secrets. Recent results identifying cellular components required for RNAi in Caenorhabditis elegans indicate that the mechanism is conserved, ancient and may provide a defense against selfish DNA. 'RNA interference', 'post-transcriptional gene silencing', 'quelling' -these different names describe similar effects that result from the overexpression or misexpression of transgenes, or from the deliberate introduction of double-stranded RNA into cells (reviewed in [1] [2] [3] [4] [5] ). The injection of double-stranded RNA into the nematode Caenorhabditis elegans, for example, acts systemically to cause the post-transcriptional depletion of the homologous endogenous RNA [6, 7] . RNA interference, commonly referred to as RNAi, offers a way of specifically and potently inactivating a cloned gene, and is proving a powerful tool for investigating gene function. But the phenomenon is interesting in its own right; the mechanism has been rather mysterious, but recent researchthe latest reported by Smardon et al. [8] elsewhere in this issue of Current Biology -is beginning to shed light on the nature and evolution of the biological processes that underlie RNAi.
The potency of RNAi inspired Timmons and Fire [13] to do a simple experiment that produced an astonishing result. They fed to nematodes bacteria that had been engineered to express double-stranded RNA corresponding to the C. elegans unc-22 gene. Amazingly, these nematodes developed a phenotype similar to that of unc-22 mutants that was dependent on their food source. The ability to conditionally expose large numbers of nematodes to genespecific double-stranded RNA formed the basis for a very powerful screen to select for RNAi-defective C. elegans mutants and then to identify the corresponding genes [14] .
RDE-1
To identify genes required for RNAi, Mello, Fire and coworkers [14] created a bacterial strain that produces double-stranded RNA encoding an essential protein called POS-1. Wild-type worms grown on this bacterial strain produce dead embryos with a phenotype similar to that of pos-1 mutants. RNAi defective (rde) mutants were selected that produce viable embryos even when grown on this bacterial strain. A large number of such chemically induced rde mutants were identified, and the subset that were also resistant to injected double-stranded pos-1 RNA and other genes were further characterized. To facilitate gene identification, mutant alleles created by the insertion of a transposon were sought. Transposons are immobile in the wild-type N2 strain of C. elegans, but a variety of mutator strains with active transposons have been isolated. Interestingly, several tested mutator strains were found to be resistant to RNAi. Several rde mutations were subsequently found to activate transposition. This observation indicates that a natural role for RNAi may be to inhibit transposon mobility. One of these mutator strains, mut-7, has been further characterized by Plasterk and colleagues [15] and is discussed below.
All of the rde mutants were found to show at least partial resistance to RNAi directed against 'maternal' genesgenes which, like pos-1, are expressed predominantly in the maternal germline. But some of the rde mutants were found to remain sensitive to RNAi directed against zygotic genes. This suggests that different components required for RNAi are either differentially expressed in the germline versus the somatic cells, or that they have different effective thresholds in these tissues. The rde-1 and rde-4 mutants are completely defective in RNAi directed at both maternally and zygotically expressed genes, and unlike rde-2, rde-3 and mut-7, they do not show a derepression of germline transposition. This suggests that the role of rde-1 and rde-4 may be specific for introduced double-stranded RNA and not include natural target genes.
One difference between natural target genes such as transposons and introduced double-stranded RNA is that transposons are expressed in the target tissue, whereas the exogenous double-stranded RNA is introduced by injection into the intestine or by feeding. If the rde-1 and rde-4 genes are required for transmitting the effect of exogenous double-stranded RNA from the intestine to the germline and to progeny embryos, then, in these rde mutants, RNAi should never be established outside of the intestinal cells. To test this, the intestines of rde-1 and rde-4 mutants were injected with unc-22 double-stranded RNA. None of the self-progeny (genotype rde/rde) showed an unc-22-like phenotype. But when the injected hermaphrodites were crossed with wild-type males, the cross progeny (genotype rde/+) did show the unc-22-like phenotype.
These observations show that rde-1 and rde-4 are not required to initiate the RNAi effect or to transmit that effect to other tissues or to the next generation. To determine whether rde-1 and rde-4 are required within the target tissue, muscle-specific promoters were used to express both sense and antisense RNA for the musclespecific unc-22 gene. Both rde-1 and rde-4 efficiently suppressed the strong twitching induced by these constructs, indicating that rde-1 and rde-4 may mediate RNAi actions in the target tissues.
The rde-1 gene was cloned and found to encode a protein with homologs in animals, plants and fungi [14] . Several RDE-1 homologs in plants and animals have been shown to function in the maintenance of pluripotent stem cell populations -thus, Zwille and Argonaute 1 are required for maintenance of meristematic cells in Arabidopsis, and Sting is required for maintenance of the germline in Drosophila. There are also two genes in C. elegans more homologous to the plant and animal homologs than rde-1. RNAi of one of these reduces fertility [16] , but whether these animals are now resistant to subsequent RNAi experiments has not been determined.
MUT-7
The link between RNAi and suppression of germline transposition was strengthened by the isolation and characterization of a large number of C. elegans strains with a high transposition frequency [15] . Remarkably, 22 out of 30 of these so-called mutator strains were found to be resistant to RNAi. Three of these strains were found to have mutations of the mut-7 locus, and these were investigated in greater detail. In addition to showing activated transposition and defective RNAi, mut-7 strains are temperature sensitive for fertility and produce an excess of male offspring, a result that indicates chromosomal instability during meiosis. These temperature-dependent phenotypes do not result from a temperature-sensitive mut-7 protein, as one mut-7 allele is a complete deletion of the locus. The significance of these different mut-7 phenotypes is unknown.
The mut-7 mutations show two interesting parental effects. The first is that mut-7 heterozygous animals that inherit wild-type mut-7 product from their mothers are resistant to RNAi, while mut-7 heterozygous animals that inherit wildtype mut-7 product from their fathers are sensitive to RNAi (Figure 1 ). This is consistent with the observations that mut-7 primarily provides RNAi resistance to maternally expressed genes and suggest that mut-7 expression is limited to the germline [14] .
The second interesting parental effect is that transposition is significantly repressed in mut-7 homozygotes for several generations, but only if the mutant allele is introduced by the fathers. Heterozygous animals show low transposition activity independent of whether the mutant allele is of maternal or paternal origin. But the transposition frequency differs greatly in the homozyogous progeny of the heterozygotes, depending on the original source of the mutant mut-7 allele (Figure 1) . If the defective mut-7 locus originated in the grandfather, then full transposition activity is delayed until the third homozygous generation. In contrast, if the defective mut-7 locus originated in the grandmother, then full transposition activity is observed in the first homozygous generation.
The mut-7-independent silencing of transposition that appears to accompany paternal transmission of mut-7 mutant alleles suggests that RNAi may be just one of at least two defenses against transposition. However, the mut-7-mediated RNAi mechanism appears to be required to initiate or maintain the second defense mechanism, given that the transposition frequencies eventually rise to the maximal point by the fourth generation (Figure 1f) . This second silencing mechanism may involve transcriptional gene silencing -that is, DNA-based repression of gene expression. Tabara et al. [14] have shown that wildtype mut-7 activity is also required for silencing of germline transgenes. Gene-specific methylation has been observed to accompany post-transcriptional gene silencing in plants [17] , but C. elegans DNA is not methylated, so other DNA or chromatin modifications may be induced by mut-7-dependent activities. Alterations in chromatin structure may also explain the additional phenotypes of mut-7 strains.
The mut-7 gene was cloned and found to encode a protein with small domains homologous to the catalytic domain of RNaseD and the Werner syndrome helicase [15] ; however, the sequence similarity is restricted. The link to helicases is strengthened by observations on a related phenomenon in the fungus Neurospora. This is 'quelling', a process of post-transcriptional gene silencing that may be similar to RNAi [18] ; quelling-defective mutations have been identified that define a number of qde genes. Interestingly, the product of the qde-3 gene is homologous to helicases, and growth of qde-3 mutants is hypersensitive to topoisomerase 1 inhibitors [19] . It is not known whether the topoisomerase inhibitors disrupt or delay gene silencing.
EGO-1
As Smardon et al. [8] report elsewhere in this issue, a third gene has been identified that is essential for RNAi in C. elegans -ego-1. The ego-1 gene was initially identified by its requirement for germline development. Smardon et al. [8] then cloned the ego-1 gene and found that it encodes a homolog of RNA-dependent RNA polymerases. The previous observation that the Neurospora qde-1 gene encodes an RNA-dependent RNA polymerase [20] prompted a test of the RNAi sensitivity of the ego-1 mutant. The ego-1 mutant was indeed found to be defective for RNAi against several tested maternally expressed genes, though, like the rde-2 mutants, they remain sensitive to RNAi directed against zygotically expressed genes. RNA analysis indicated that ego-1 expression is restricted to the germline.
These observations suggest that genes other than ego-1 may provide RNA-dependent RNA polymerase activity in somatic tissues. Genes encoding three additional RNAdependent RNA polymerase homologs, named rrf-1, rrf-2 and rrf-3, have been identified in the C. elegans genome sequence. Possible roles of these genes in RNAi, germline development or transposition are yet to be determined. Interestingly, injection of ego-1 double-stranded RNA is capable of inducing a phenotype similar to that of ego-1 mutants, so ego-1 is not required for the maintenance of RNAi. The involvement of RNA-dependent RNA polymerase may provide a mechanistic link between quelling, post-transcriptional gene silencing and RNAi [1, 4] .
Biochemical analysis
In a stunning recent paper, Hamilton et al. [21] reported the identification of 25 nucleotide-long RNAs associated with post-transcriptional gene silencing in plants. The gene-specific sense and antisense RNAs were only detected in plants experiencing post-transcriptional silencing for the gene in question, and the level of these small RNAs was found to correlate with the extent of gene silencing. These RNAs were identified by Northern blot hybridization using the entire silenced gene as a probe, so it is not known whether they correspond to specific regions of the message, or to the whole message. It will be particularly exciting to learn whether these RNAs are mediators or products of post-transcriptional gene silencing.
In a second remarkable recent paper [22] , it was shown that the addition of small amounts of double-stranded RNA to extracts prepared from early Drosophila embryos can cause gene-specific depletion of reporter RNAs. Similar to RNAi in vivo, this sequence-specific degradation of target RNAs is dependent on the presence of doublestranded RNA -neither sense nor anti-sense RNA alone is effective. Furthermore, pre-incubation of the extracts with double-stranded RNA potentiates the degradation of Dispatch R139
Figure 1
Dependence of the effects of a mut-7 mutant allele on RNAi resistance and tranposition frequency on its parental origin. Established homozygous mut-7 strains are resistant to RNAi (red) and display high-levels of transposon mobility (blue) as measured by the reversion frequency at a transposon induced unc-22 allele [15] . (a) mut-7 heterozygotes that inherited the mutant mut-7 allele from their mother, as well as mutant maternal gene products, remain largely resistant to RNAi (75%). target RNA added later, mimicking the incredible potency of in vivo RNAi. The recapitulation of RNAi in soluble Drosophila should be an extremely powerful approach for deciphering the molecular mechanisms of RNAi.
Summary
Several themes emerge from a comparison of the gene silencing phenomena that have been described in diverse species. The first of these is the germline connection. The ego-1 and mut-7 genes are essential for both RNAi and for maintenance of the germline in C. elegans. Although rde-1 mutants do not have a phenotype other than resistance to RNAi, homologs of rde-1 in C. elegans, Drosophila and plants are required to maintain germline or meristemic cell populations.
The second emerging theme is the molecule connection. RNA-dependent RNA polymerases have now been implicated in epigenetic gene silencing in both C. elegans and Neurospora. Similar molecules have been identified in plants, which are known to experience post-transcriptional gene silencing, as well as in the fission yeast Schizosaccharomyces pombe, where post-transcriptional gene silencing has not so far been reported. The C. elegans MUT-7 protein has domains homologous to helicases, as well as a small domain homologous to RNaseD of Escherichia coli. The Neurospora Qde-3 protein also shows homology to helicases, and the sensitivity of qde-3 mutants to topoisomerase 1 inhibitors is consistent with the protein having helicase activity. A helicase may act on doublestranded RNA to provide a single-stranded RNA template for RNA-dependent RNA polymerase.
The third emerging theme is the defense connection. Posttranscriptional gene silencing was first reported in plants, where it is likely to be a defense mechanism against RNA viruses that is induced by replicative-stage doublestranded RNA [23] . Similarly, transposon mobility in C. elegans may be limited by a direct RNAi response against transposase mRNA, the sole gene product of mariner-like transposons. Transposon antisense sequences may be transcribed as a result of rare position effects when transposons insert near active genes; once the number of transposons has reached a critical level in the genome, RNAi would act to inhibit further spreading. The evidence for additional mut-7-dependent transcriptional silencing of these elements [14, 16] has implications for a number of important epigenetic phenomena, including heterochromatin effects, X chromosome inactivation and imprinting.
Homology-dependent post-transcriptional gene silencing is now well established in plants, fungi and invertebrates, and the results reviewed here suggest that it may work by a common mechanism. Finally, the recent demonstration of effective RNAi in vertebrates [24, 25] indicates that this mode of gene silencing may function in all eukaryotes.
